Abstract In an effort to simulate the dynamic behavior of a non-ferromagnetic conducting structure with consideration of the magnetic damping effect, a finite element code is developed, which is based on the reduced vector potential (Ar) method, the step-by-step integration algorithm and a time-partitioned strategy. An additional term is introduced to the conventional governing equations of eddy current problems to take into account the velocity-induced electric field corresponding to the magnetic damping effect. The TEAM-16 benchmark problem is simulated using the proposed method in conjunction with the commercial code ANSYS. The simulation results indicate that the proposed method has better simulation accuracy, especially in the presence of a high-intensity external magnetic field.
Introduction
Due to the electromagnetic induction effect, plasma disruption (PD) and vertical displacement events (VDE) induce eddy currents in the plasma-faced structures of a tokamak system. Combined with the huge confinement magnetic field generated by the poloidal field (PF) and toroidal field (TF) magnets, a considerably strong Lorentz force may be generated in such structures as blankets, diverters, and vacuum vessels, and thus results in significant deflection and stress. In light of this, it is of great importance to reveal structural dynamic behavior induced by plasma disruption and vertical displacement events via an extensive electromagneto-mechanical coupling analysis.
Once a conductive component vibrates in an external magnetic field, additional eddy currents due to the component movement can be induced, which generate an additional Lorentz force in the direction opposite to the velocity vector. Since the intensity of the additional eddy currents is also intrinsically proportional to the deflection velocity, this electromagnetic (EM) force has a similar feature to the viscous damping, and thus can be named as the magnetic damping force [1] . On the other hand, it is also known that the structural deflection and motion in an external magnetic field may also perturb the electromagnetic field, especially for current-carrying conductors and structures of ferromagnetic material. These coupling effects may seriously affect the mechanical behavior of fusion reactor structural components in the presence of a huge confinement magnetic field. Consequently, the magnetic damping effect is more important for plasma-faced structures, because most of them are made of non-magnetic materials.
The coupled vibration problem has been investigated in several studies [2∼4] . TURNER and MORISUE studied the dynamic behavior of a cantilever beam in a timevarying magnetic field [2, 4] . TAKAGI et al. reported experimental results of a plate with torsional deformation [3] . However, a generalized numerical method is still needed to analyze the coupled problem for structures of magnetic materials with excitation current of complicated time-space evolution processes.
In this paper, in order to reveal the variation of the electromagnetic force and corresponding dynamic response during PD and VDE, a numerical simulation code of finite-element-based strategy is developed with consideration of the magnetic damping effect. The code has been validated by simulating the benchmark problem TEAM-16 and comparing the result with that of the commercial code ANSYS. The validity and efficiency of the proposed strategy along with the corresponding numerical code have been verified via comparison with experimental results.
Simulation methods
The reduced vector potential (A r ) method, the timestepping integration algorithm and the time parti-tioned strategy are integrated to solve the dynamic electromagneto-mechanical coupling problem. The A r method allows easy treatments for a problem of different magnetic properties with exciting currents of complicated space-time evolution processes (such as plasma currents during disruption). The partitioned strategy is capable of handling transient eddy currents and mechanical response recursively, and employs different finite elements for eddy current and dynamic response analysis, respectively. This enables a significant enhancement of the simulation efficiency for a coupled electromagneto-mechanical problem.
A r method for eddy current analysis
By using the A r method, the entire model region is divided into two sub-regions (the region of a conducting object Ω t , and the region outside the conducting object in addition to the boundary layer Ω tr +Ω r where excitation current sources usually distribute). As the reduced magnetic vector potential A r is adopted in the Ω tr + Ω r region, the current sources vanish in the A r governing equation. Consequently, there is no need to discretize the region into finite element modeling (FEM) meshes. This enables the A r method to deal with current sources of complicated geometries. In addition, the A r method is efficient for problems with different magnetic materials due to specific features of the adopted boundary conditions. The basic governing equations of the A r method for eddy-currents analysis are [5] ,
where the reduced vector potential A r is defined as A-A s with A s denoting the vector potential caused by excitation currents in free space, which can be calculated with Bio-Savart's law. In Eq. (2), J v = σv × b is the density of the velocity-induced currents, which couples eddy currents with the mechanical vibration problem. Because B=B 0 +∇ × A and the induced magnetic field are usually much smaller than B 0 (an external static magnetic field such as the confinement field in the case of the tokamak), the magnetic field in the equation for J v can be simplified as B 0 . After FEM discretization, the governing equation becomes,
where N is the vector shape function for the edge element, H s is the magnetic intensity due to the current source in free space. Eq. (3) can be written as the following system of linear equations with [P ], [Q], {R} denoting the FEM coefficient matrices,
where [P ] is the total matrix of the element matrix
, R is the total source vector due to the unit current source (i.e., the unit plasma current) and structure velocity due to the unit current with {R e } = V e {N e }·σ{v×B 0 }dV in the conductor area, and I(t) is the current amplitude. In Eq. (4), I(t) is written outside the vector {R} as both the eddy current and the structure vibration problem are linear. Based on the Crank-Nicholson time integration algorithm, the vector potential at each time step can be solved with the following equations [6] :
with A (n−1) = A| t=(n−1)∆t and A (n) = A| t=n∆t , ∆t is the length of each time step, θ is a constant ranging from [0, 1]. In Eq. (5), {R} is calculated using the velocity of the last time step (i.e., step n-1).
Lorentz force and additional electric field
Based on Electromagnetism, the density of velocityinduced eddy currents can be written as,
where ∇ × A is the magnetic field caused by eddy currents and the transient current sources (e.g., plasma currents), and B 0 is the density of the static external magnetic flux (the confinement magnetic field due to TF and PF coils etc. in the case of the tokamak). In most cases, ∇×A is much smaller than B 0 for tokamak applications, and thus can also be omitted during the force calculation. As a result, the Lorentz force f em can be obtained as
where v is the absolute velocity of the conductor, denoting the conductor speed through the static magnetic field. In Eq. (7), the term σ(∂A/∂t) × B indicates the Lorentz force due to eddy currents induced by the transient current source (e.g, plasma currents during disruption), and σv × B 0 × B is the Lorentz force due to the motion of the conductor, i.e. the magnetic damping force.
Formulation for structural dynamic analysis
The governing equation of a plate-vibration problem is written as [7] :
where ρ is the mass density; h is the plate thickness; w is the plate displacement; D(= Eh 3 /12(1 − v 2 )) is the bending stiffness; and f em is the Lorentz force. By using the plate element, the FEM discretized system of the equation is:
where, {u} is the node displacement vector; [M ], [C] and [K] denote respectively the mass, damping and stiffness matrices; and {f (t)} is the time dependent force vector. For a transient problem, the Newmark-β integration method is used to solve Eq. (9), which can be rewritten as the following linear equations with integration constants of γ = 0.5 and β = 0.25
In Eq. (10), {F } t = ({f } t−∆t + 2{f
2 /2. Based on Eq. (10), a transient numerical code using plate elements is developed to simulate the dynamic response of a plate structure under the transient EM force.
Scheme for treating the electomagneto mechanical coupling effect
A time partitioned strategy is adopted to simulate the dynamic response of a structure subjected to a strong static magnetic field with consideration of the coupling effect. In this strategy, the A r code and the transient vibration code are applied separately at each time step to calculate eddy currents and deflections. The coupling effect is considered in the velocity-induced eddy current term, particularly in the eddy-current simulation. The EM force of the additional eddy current is calculated in the dynamic response analysis. Firstly, the additional current induced by velocity J v = σv×B 0 is taken as an additional current source to solve the eddy current problem. Velocity v is set as the value calculated with the dynamic response analysis code at the last time step. The Lorentz force σ(− ∂A ∂t + v × B 0 ) × B due to calculated eddy currents is then applied to the structural dynamic response simulation at the present time step. Before the simulations of eddy currents and dynamic responses at each step, the force and velocity have to be adjusted to transfer information between the two simulation codes (as different elements are used in the eddy current and the dynamic response analysis, the purpose of which is to improve the simulation efficiency). The procedure of the time partitioned strategy is elaborated as follows:
Step 1: To input a model and generate FEM mesh and coefficient matrices;
Step 2: To calculate the eddy currents with the velocity at the last-time step;
Step 3: To compute the eddy currents and EM force in different mesh systems;
Step 4: To calculate the structural dynamic responses using EM force at the last-time step;
Step 5: To iterate from Step 3 until the time threshold is met.
A comparative model in ANSYS
To validate the proposed numerical method, the dynamic response with a magnetic damping effect is also calculated by using a comparative model established in ANSYS. The coupled element (Element 62) is adopted to model the structure.
Simulation results
In an attempt to validate the proposed method and the corresponding numerical code, the dynamic response of the TEAM-16 benchmark problem is simulated, and the results are compared with the experimental results and those of the ANSYS. Fig. 1 shows the numerical model of the TEAM-16 benchmark problem. A copper plate sized 115×40×0.3 mm 3 is clamped at the bottom with a supporter. Meanwhile, a 27-turn exciting coil fixed near one side of the plate imposed a pulsed magnetic field over the plate with an applied excitation current of I = 800(exp(−500t) − exp(−6000t)) A. The direction of the external static magnetic field is along the y axis and set as 0.1 T to 0.5 T, respectively. The deflections at point A (108 mm, 7.5 mm) and point B (108 mm, −7.5 mm) are quantified from simulations and used for comparison. The transient signal of the intensity of eddy currents crossing the copper plate between two points (105 mm, 20 mm) and (105 mm, 0 mm) is showed in Fig. 2(a) while the distributions of the Lorentz force are shown in Fig. 2(b) . Without an external magnetic field, there is only bending deformation i.e., the displacements at point A and B are the same (Fig. 3) . In the presence of an external field, the torsional displacement occurs besides the bending displacement. The displacement results at point A and point B are shown in Fig. 4 and Fig. 5 for non-zero external magnetic fields.
(a) Time variation of eddy current, (b) Surface distribution of EM force Fig.2 Numerical results in the case without an external magnetic field (color online) Fig.3 Deflections at points A and B of the plate without an external magnetic field From Fig. 4 and Fig. 5 , it is clear that the deflection generated by eddy currents decays faster for a larger external magnetic field, because the effect of magnetic damping is getting more and more significant as the external magnetic field intensity increases. The results of the ANSYS code are also presented in Figs. 4 and 5 for comparison. The results from the present method have a better fit with the experimental results than the ANSYS code in terms of the signal amplitude and the decay speed, which proves the validity and efficiency of the proposed method. 
Conclusions
In this paper, a numerical simulation method with consideration of the coupling effect of magnetic damp-ing is proposed. A corresponding simulation code is developed based on the reduced vector potential (A r ) method, step-by-step integration algorithm and time partitioned strategy. An additional term is introduced to the conventional governing equations of the eddy current problem to take into account the velocity-induced electric field. The method is validated by comparing its simulation results for the TEAM-16 benchmark problem with those of the ANSYS software and the experimental results. The results of the proposed method fit better with the experimental results than those of ANSYS. As the simulated maximum displacement and stress of a structure could deviate from the practical values without consideration of the coupling effect, it is essential to take into account the electromagnetomechanical coupling effect in the numerical analysis so that the dynamic response of the plasma-faced structures could be appropriately evaluated during plasma disruption.
